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Fiber Reinforced Plastics (FRP) have properties, which 
are highly dependent on the ply fiber orientations and can be 
designed for optimum laminate performance. In this study, 
the effect of matrix cracking on the mechanical properties of 
FRP laminates with various off-axis plies angles is 
investigated. CFRP and GFRP with layups [θm/ φn]s are tested. 
The laminates are then loaded monotonically and cyclically to 
obtain their mechanical properties and the effect of matrix 
cracks on the properties. One of the effects includes the 
reduction of laminates’ stiffness. The measured stiffness 
reduction as a function of the crack density is compared to an 
analytical prediction for cracked angle-ply laminates based on 
a variational stress analysis. 
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• Intralaminar damage behavior and its effects on the mechanical properties of FRP laminates with 
several off-axis plies were investigated 
• Monotonic and cyclic loading results showed the mechanical properties of the laminates and also the 
effects of laminates’ thickness and off-axis plies towards the properties 
• The cracks behavior in both CFRP and GFRP were also examined in this study. Crack propagation rates in 
the width direction were dependent on the thickness of the middle ply 
• Stiffness in laminates with the thicker off-axis plies reduced more 
• The experimental data and predictions of the variational analysis are found in good agreement for the 
Young’s modulus of the cracked laminate.  
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To study on the mechanical properties, damage formation 
and its effect on the mechanical properties of FRP laminates 
with various stacking sequences [θm/ φn]s and also to 
provide a critical test for variational analysis and allow a 
check for stacking sequence dependence 
Matrix Cracking 
Fig.2 CFRP angle-ply [0/4512/0] 
laminate 
FRP are used in many industries, such as aeronautical, construction, etc.  
Various stacking sequences can be designed for a specific composite 
structural element by modifying the distribution of ply orientations through 
the laminate thickness 
During tensile loading, laminates initially demonstrate formation of matrix 
intralaminar cracks in the most off-axis plies. These cracks lead to reduction 
of the laminate stiffness, existence of residual strains, etc. 
Most of the past studies were focused only in analytical approach while for experimental study, focus were 
mostly on glass epoxy material and also the laminates with off-axis plies of 90 deg.  
In this study, we focus on FRP laminates with various stacking sequences [θm/ φn]s prepared from two different 
CFRP prepregs and one GFRP prepreg materials 
Fig. 1 Airbus A350 XWB 
(53% composites-CFRP) 
Materials: Prepegs of; 
1. CFRP[1] T700SC/2500, Torayca (0.05mm) 
2. CFRP[2] T700SC/2592, Torayca (0.15mm) 
3. GFRP GE352G135SB, Mitsubishi Rayon (0.101 mm) 
Manufacturing process : Stacked and cured using autoclave 
method, Temperature: 130oC, Pressure : 0.2Mpa  
Crack observation: CFRP: X-ray machine (M-100S, SOFTEX) 
GFRP: In-situ observation using DSLR camera 
Laminate structures:  
1. CFRP[1] : [03/ φn]s , φ=90, 75, 45, n=24, 36 
2. CFRP[2] : [0/ φn]s , φ=90, 60, 45, n=8, 12 
3. GFRP : [θ/ φn]s , θ =0, -15, φ=90, 75, 60, n=12, 24 
Tensile tests: Tensilon RTF-1350 A&D tensile test machine 
1. Monotonic tensile test (1 mm/min) 
2. Cyclic loading (1 mm/min) 
Specimen’s measurement 
 
 
 
 
Measurements: 
1. Strain gauges were used to measure strains in laminates 
2. The cracks were observed and counted at specific area on the 
specimen which is along the length of strain gauge 
Artificial cracking method 
 
 
Fig. 5 & 6 show the stress-strain curves for CFRP[1] laminates with the same thickness 
& different off-axis plies  
 
 
 
 
 
 
 
 
 
These results are in agreement with the Classical Laminate Theory  
 
Fig. 7 & 8 show the stress-strain curves recorded during cyclic loading 
 
 
 
 
 
 
 
 
 
 
Monotonic Loading 
 
Contribution of the mid-ply 
matrix to strain in transverse 
direction increases 
Cyclic Loading 
No remarkable differences in 
Young’s modulus & tensile 
strength  
Poisson’s ratio increases as the 
off-axis angle decreases 
Decrease in stiffness 
Gradients gradually decrease 
with every cycle 
 
Relief of curing stresses due 
to formation of intralaminar 
cracks 
 
 
 
 
 
 
 
 
 
Existence and a gradual 
increase in residual strains 
Cracks observation 
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Stiffness reduction & comparison to analysis 
• CFRP: Cracks start to form at the edges of 
the laminates at lower stress and strain.  
• GFRP: Cracks crossed the entire width of 
the laminate instantaneously 
• Crack initiation at the coupon edges occur 
at lower strains in thicker laminates 
• Crack propagation in the width direction & 
new crack formation rate is slower in the 
thicker laminates 
• Stiffness reduction: Normalizing the stiffness of the 
cracked laminate by the stiffness of the virgin laminate 
• Figures 6: Comparison of experimental and analytical 
result of stiffness reduction vs crack density for CFRP[2] 
• Experimental result are compared to analysis in [3]  
 
Good agreement between 
analytical and experimental results 
Variational analysis provides lower 
bound for stiffness reduction and 
crack density relation 
Laminates with same thickness show marginal effect of the middle ply orientation on 
normalized Young’s modulus 
Fig.3 Laminate’s measurement 
Fig.4 Artificial cracking method 
Fig.5 Stress-strain curve of  
[03/ 75n]s laminate, n=24, 36 
Fig.6 Stress-strain curve of  
[03/ 45n]s laminate, n=24, 36 
Fig.7 Stress-strain curve of  
CFRP[1] [03/7536/03] laminate 
Fig.8 Stress-strain curve of  
CFRP[2] [0/608/0] laminate Fig.11 Stiffness reduction-crack density relationship of CFRP[2] laminates 
Fig.10 X-ray images of GFRP 
[03/7524/03] laminate  
Fig.9 X-ray images of CFRP[1] 
[03/7524/03] laminate  
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